Galanin plays an important role in the regulation of food intake, energy balance, and body weight. Many galanin-positive fibers as well as galanin-positive neurons were seen in the dorsal vagal complex, suggesting that galanin produces its effects by actions involving vagal neurons.
Introduction
The dorsal vagal complex (DVC) integrates vagal afferent information and sends efferent projections to the gastrointestinal tract (vago-vagal reflex). Information regarding gastrointestinal stimuli is transmitted by vagal primary afferents to neurons in the nucleus of the solitary tract (NST). Excitation of NST neurons causes inhibition of postsynaptic neurons in the dorsal motor nucleus of the vagus nerve (DMNV) that project to the gut (15; 54; 57).
Galanin, originally isolated from the porcine intestine, is widely distributed in the central nervous system, especially in the hypothalamus, medulla oblongata, and spinal cord (6; 31; 46).
There is heavy galanin immunoreactivity in both the DMNV and the NST. Some galaninpositive NST neurons project to the DMNV directly (7) . Whether galanin-positive neurons in other central nuclei such as the hypothalamus, the central nucleus of the amygdala (CNA) or the locus coeruleus (LC) also contribute to the galanin-positive fibers in the NST and the DMNV needs to be clarified (48).
The central effects of galanin on gastrointestinal functions have not been studied extensively. Investigations show that a) galanin suppressed gastric emptying after injection into the third ventricle (32), b) increased gastric motility after injection into the hypothalamus (10) , and c) induced hyperphagia after injection of galanin into the hypothalamus and the DVC (1; 17; 25; 32). The hyperphagia observed with DVC injection persisted after lesioning of the paraventricular hypothalamic nucleus (PVN), suggesting that the neurons of the DVC mediate the feeding effect of galanin (25). These findings raise the possibility that galanin directly modulates gut-related NST and DMNV neurons.
The electrophysiologic effect of galanin on neurons in the locus coeruleus (36) , the dorsal raphe nucleus (53), the PVN (34) , and the hippocampus (12) is predominantly inhibitory. This inhibition results from hyperpolarization due to an increased outward current, inhibition of excitatory inputs, and depression of a sustained depolarization current. These effects of galanin are mediated via high affinity Gi/Go protein-coupled receptors that involve potassium and calcium channels as well as adenylate cyclase (37) . We postulate that galanin inhibits gut-related DVC neurons through a similar mechanism.
To date, we have limited knowledge regarding the mechanisms by which galanin affects on gut-related DVC neurons. In the present experiment, we used double immunohistochemistry and electrophysiological recording techniques to characterize: 1) the source of galanincontaining terminals in the DVC; 2) the effects of galanin on the firing rate of gut-sensitive DMNV neurons; 3) the effects of galanin on DMNV neurons that project to the stomach; and 4) the putative ion channels mediating the galanin effect.
Materials and Methods
The Institutional Animal Care and Use Committee (IACUC) of Henry Ford Health Sciences Center approved all experimental procedures.
Retrograde tract-tracing and immunohistochemistry
Tract-tracing and double staining for galanin was used to characterize galanin immunoactivity in the DVC of 10 adult male Sprague-Dawley rats. The animals were deeply anesthetized with sodium pentobarbital (50 mg/kg body weight, i.p.). The level of anesthesia was assessed by paw pinch reflex and muscle tone. Supplemental doses of sodium pentobarbital (25 mg/kg, i.p.; the total dose < 100 mg/kg) were administered if animals responded to paw pinch and increased muscle tone were found. Two surgical procedures were performed.
1). Gastric tracer injection (5 animals):
The abdomen was shaved and cleaned with 70% alcohol. The stomach was exposed and 1.0 µl 1% Alexa-Fluor-555-conjugated cholera toxin B subunit (Molecular probe, Eugene, OR, USA) was injected into the anterior wall of the stomach.
Care was taken to prevent injection or leakage into the intestine. The surgical area was cleaned with warm sterile saline solution. The muscle and skin were closed separately with sterile 4-0 silk suture.
2). Brainstem tracer injection (5 animals): Rats were placed in a Kopf stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA). While in the frame, body temperature was maintained at 37 o C by a thermostatically controlled heating blanket (custom-made). The brainstem was exposed by removing the atlanto-occipital membrane. We injected 0.2 µl 1%
Alexa-Fluor-555-conjugated cholera toxin B subunit into the DVC at the level of the obex (0.5 mm lateral to the obex and 0.5 mm ventral to the dorsal surface of the brainstem). The surgical The whole surgical procedure was performed under proper aseptic standards and the animals were maintained in a surgical plane of anesthesia during surgery. After surgery, the animals received routine postsurgical care in accordance with the system guidelines.
To facilitate the histochemical identification of galanin, we injected 10 µl colchicine (4% in DMSO, Sigma, St. Louis, MO, USA) in the lateral ventricle one to two weeks after tracer injection. Colchicine blocks the axonal transport of galanin as well as increases mRNA and peptide synthesis in neuronal cells (9) . The surgical procedures were the same as those previously stated except that a small burr hole was drilled for injection instead of using open brainstem surgery.
Twenty-four hours after colchicine injection, the animal was deeply anesthetized with sodium pentobarbital (100 mg/kg) and perfused through the heart with 500 ml saline and then days. This long incubation was necessary to allow antibody penetration through the thick tissue sections. The sections were rinsed with 0.4% Triton PB overnight, mounted on a slide, air-dried, and covered with Glycergel (DAKO Corporation, Carpinteria, CA, USA). The sections were inspected and photographed using Nikon PCM 2000 confocal microscope (Nikon, Melville, NY, USA).
Electrophysiological recording of gut-related DMNV neurons in vivo
Adult male Sprague-Dawley rats weighing 270-350 g were anesthetized with sodium pentobarbital (50 mg/kg, IP). Anesthetic level was assessed by paw pinch reflex and muscle relaxation. Supplemental doses of sodium pentobarbital were administered as needed to maintain a deep level of anesthesia and muscle relaxation. A tracheotomy was performed and a tube was inserted into the trachea for subsequent artificial ventilation with room air (100 strokes/minute, 2.0-2.4 cm 3 tidal volume). A midline abdominal incision was used to expose the abdominal vagus, stomach, and duodenum. Teflon-coated pure gold wire stimulating electrodes (76 µm outside diameter) were placed around the anterior and posterior branches of the subdiaphragmatic vagal nerve. The electrodes were positioned 1-2 cm above the gastroesophageal junction and immediately above the accessory and celiac branches of the vagus nerve.
Extra caution was taken not to crush or stretch the nerve. After placing the vagal stimulating electrodes, a gastric influx catheter was inserted into an incision in the gastric corpus and fixed to the greater curvature of the gastric corpus. Two tubes were inserted into the gut through an incision immediately proximal to the pylorus, one oriented toward the stomach, and the other oriented toward the duodenum. The tube oriented toward the stomach served as the gastric efflux catheter, while the tube oriented toward the duodenum was the duodenal influx catheter. The gut was transected 10 cm distal to the ligament of Treitz. The resulting caudal open end was closed with silk suture while the proximal end was cannulated with a tube to serve as the duodenal efflux catheter. The abdomen was then closed, and a small piece of gauze was used as a sponge to prevent an accumulation of secretory fluid in the abdomen.
Rats were placed in a Kopf small animal stereotaxic frame following placement of the gastric and duodenal catheters. While in the stereotaxic frame, body temperature was maintained by a thermostatically controlled heating table that also warmed all perfusion After characterization of the response to gastrointestinal distention, we microinjected galanin into the DVC (the effective dosage and concentration was determined in pilot studies). 
Recording retrogradely labeled DMNV in vitro
Sprague-Dawley rats (10-20 days old, 20-40 g body weight) were deeply anesthetized with sodium pentobarbital (50 mg/kg body weight, i.p.). The abdomen was shaved and cleaned with 70% alcohol. The stomach was exposed by a midline incision of the abdomen. DiI solution (3% in DMSO, 0.1 µl; Molecular probe, Eugene, OR, USA) was intramuscularly injected into the anterior antrum using a 36-gauge microsyringe. The surgical area was then cleaned with warm sterile saline solution, the excess solution blotted with sterile cotton tips and the muscle and skin were closed separately with sterile 6-0 silk suture. The animal was left on the heating table to recover. If dehydration was observed, we injected 1-2 ml sterile saline intraperitoneally to compensate for lost fluid. After the animal recovered from anesthesia, one dose of Buprenex (0.05 mg/kg) was injected intraperitoneally to reduce post-surgical pain. Additional Buprenex was given as needed. The animal was returned to the cage and allowed free access to the mother's milk. The entire surgical procedure was performed under aseptic standards and the animals were maintained in a surgical level of anesthesia during surgery. After 4-7 days, the rat was deeply anesthetized and sacrificed. The brain was quickly removed and placed for 2-5 minutes in an oxygenated storage chamber containing ice-cold physiological rat artificial cerebral spinal fluid (ACSF; 95% O 2 and 5% CO 2 ) to harden before the cutting procedures. A block of the brain including the DVC was cut and glued to a plastic support where 2 to 4 slices (400 µm thick) were cut along the coronal plane using a vibrotome. The brain ±±±slices were collected into a container, incubated and equilibrated at 32°C in oxygenated, physiological rat ACSF for at least one hour. Thereafter, a single slice was mounted on a custom-made perfusion chamber, and anchored in place. The chamber was continuously perfused with the oxygenated ACSF at 3.0 ml/min.
Recordings of the labeled neurons were performed using an epi-fluorescent in vitro recording microscope (Nikon Eclipse E600-FN, Nikon Corporation, Tokyo, Japan). The DMNV neuron labeled by the retrograde tracer was approached with a patch pipette filled with the intracellular solution, with a tip resistance of 7-10 M . After immersion of the pipette into the perfusion solution, a positive pressure was applied to the pipette to prevent obstruction. At the same time, the pipette was balanced and compensated for resistance and capacity in the bridge mode. When a fluorescent-labeled DMNV neuron was identified, the patch pipette was advanced to touch the cell using a three-dimensional micromanipulator. The resistance of the electrode was continuously monitored. When the pipette touched the cell, as indicated by an increased resistance and a dent on the neuron, a negative pressure was applied to the pipette while the seal resistance was continuously monitored. When the seal resistance increased to 1 G or more, indicating formation of the seal, a slight increase or a pulse of negative pressure was used to break the cell membrane and whole-cell recording was established. After the intracellular membrane potential had been established, the neuron was clamped to a hyperpolarizing level of -60 mV to inhibit the spontaneous current activities and to avoid toxic calcium loading in the neuron. The voltage was gradually reduced until the normal resting membrane potential (-40 to -55 mV) and then the recording experiment began.
Neurons having resting potentials < -50 mV, action potentials >60 mV, overshooting >5 mV and membrane resistance > 100 M (indicating the neurons is healthy) were further characterized for their response to galanin. Neuronal activity was recorded at 5 kHz using 
Data analysis
For the spontaneous activities of the neurons both in vivo and vitro experiments, we took a 30-second trace before application of galanin and a 30 second trace after application of galanin.
The timing of the 30-second trace after galanin depended on the experiments. A time frame of showing the maximum effect was chosen (1-10 minutes after galanin) during each experiment because galanin's latency is different for each neuron. Each 30-second trace was divided into 6 bins (5 seconds/bin). The traces before and after galanin were compared using Student's t-test.
To determine if the change in firing rate was significant in a group of neurons, we compared the total number of action potentials before and after galanin administration using paired t-tests. All data are expressed as the mean ± SE. Changes were significant only if the firing rate after galanin was statistically different from that before galanin (p 0.05).
The analysis of the responses to gastrointestinal distention in the in vivo experiment was identical to that previously used (15) . A 120-second trace of recorded neuronal activities was Changes of transmembrane potential and transmembrane current in the in vitro experiments were actual numbers. To be considered significant, they must be greater than the baseline and repeatable. 
Solution and chemicals

Results
Galaninergic fibers innervate NST and stomach-projecting DMNV neurons
After injection of Alexa-Fluor-555-conjugated cholera toxin B subunit into the anterior wall of the stomach, many retrograde-labeled neurons were seen at all levels of the DMNV, with the heaviest labeling noted in the middle columns. The dendrites of the labeled DMNV neurons extended into the NST (red cells in Figure 1 ).
Staining for galanin reveals heavy galanin-positive fibers throughout the DVC, especially in the DMNV and medial subnuclei of the NST (mNST). Labeling was heaviest around or caudal to the obex in both the NST and DMNV. In the rostral part of the DVC, only light to moderate galanin-positive fibers were seen ( Figure 1F and 1F'). Many stomach-projecting DMNV neurons were surrounded by heavy galanin-positive fibers (yellow dots).
Numerous galanin-containing neurons were also seen in the mNST at the level of the obex and caudal to the obex (Fig. 1B' and 1C' ). These cells had small-to medium-size cell bodies. The rostral NST had only a few neurons. No double labeled DMNV neurons were found.
The NST is the major source of galaninergic fibers in the DVC
In a different group of rats, we determined whether neurons projecting to the DVC contained galanin. We injected Alexa-Fluor-555-conjugated cholera toxin B subunit into the DVC to identity neurons projecting to the DVC and stained for galanin. Many retrogradely labeled neurons were seen in the PVN ( fig. 2E and 2F ), the lateral hypothalamus (LH; Figure   2C ), and the CNA ( Figure 2D ). Few retrogradely labeled neurons were seen in the LC the area ventral to the LC.
Numerous galanin-containing neurons and fibers in the LC and the PVN were seen (Figures 2A and 2B ). There were moderate galanin-positive fibers in the LH ( Figure 2C ) and the CNA ( Figure 2D ). The majority of the galanin-positive neurons in the amygdala were located in its medial nucleus and few galanin-positive neurons were located in the CNA ( Figure 2D ). No double labeled neurons for both the retrograde tracer and galanin were found in the PVN, the LH, the CNA, or the LC (Figures 2A-F) . In an area surrounding the rostral LC, there were scattered double-labeled fibers (yellow) for both galanin and the efferent terminals from the NST, indicating that galanin-containing neurons in the NST project to this area ( Figure 2B ). Some galanin-positive fibers made contact (yellow) with the neurons that project to the DVC in the LH, the CNA, and the PVN ( Figures 2C-F) . Numerous galanin-containing neurons were seen in both the magnocellular and parvocellular subnuclei of the PVN. Galanin-positive fibers and neurons accompanied and surrounded the retrograde-labeled PVN neurons. No double labeled fibers were seen in the PVN. In addition, we also examined the arcuate nucleus, the ventrolateral brainstem, the midbrain, the reticular formation, and the cortex. The galanin immunoreactivity seen in these areas was similar to those reported by Melander and colleagues (31). These nuclei did not show double labeled neurons.
Galanin affects gut-related DVC neurons in vivo
In our in vivo experiments, we characterized the response of 28 DMNV neurons to galanin and gastrointestinal distention. Twenty DMNV neurons were inhibited by galanin (80 pmol infused into the DVC). The mean spontaneous activity of the DMNV neurons was 1.14 ± 0.17
Hz (mean ± SE) that was significantly reduced to 0.47 ± 0.15 Hz (a 41% reduction after galanin administration, p < 0.01, Figure 3A) . The latency varied from 1-10 minutes after galanin injection. The effect of galanin lasted from 1 to 60 minutes. Galanin excited three neurons and did not affect five neurons.
Gastric distention inhibited 21 neurons, excited one neuron, and did not affect the remaining six DMNV neurons. Intestinal distention inhibited 14, excited three, and did not affect the remaining 11 DMNV neurons. The effects of galanin and gastrointestinal distention are summarized in Table 1 . A representative example of DMNV neurons that were inhibited by galanin, gastric, and intestinal distention is shown in Figures 3C-H .
We also characterized the responses of 8 NST neurons to galanin and gastrointestinal distention. In contrast to the inhibitory effect of galanin on the DMNV neurons, the effect of galanin on the mean basal activity was not significant ( Figure 3B ). The mean basal activity of 8
NST neurons was 1.86 ± 0.36 Hz. This was suppressed to 1.78 ± 0.36 Hz (an 8% reduction, p > 0.05). However, among the eight NST neurons, galanin significantly inhibited three and significantly excited three neurons. The observation suggests that there are at least two sets of NST neurons responsive to galanin (one excited and the other inhibited).
Galanin inhibited stomach-projecting DMNV neuron in vitro
We injected DiI into the anterior stomach wall to label DMNV neurons projecting to the stomach. The injection site was inspected using a fluorescent microscope. The tracer was not limited to the antrum but diffused along the length of stomach between the muscle layers. Tracer was not seen the small intestine or the colon. Therefore, the labeled neurons observed in the DVC projected only to the stomach.
A total of 96 DMNV neurons labeled with DiI were characterized. Fifty two neurons were spontaneously active and 44 neurons had no spontaneous firing during one minute of recording.
Responses of DMNV neurons to galanin depended on the concentration of galanin applied. to 180 pA in the presence of 10µM galanin. The amplitude of the outward current was concentration-dependent. An example is shown in Figure 5 .
Galanin inhibited the DMNV neurons postsynaptically.
In a separate experiment, we tested the effects of galanin on 7 DMNV neurons in a low calcium and high magnesium solution containing TTX, (2µM TTX, 0.25 mM Ca 2+ , 10 mM 
Galanin inhibited the DMNV neurons through TEA-sensitive potassium channel
The current-voltage relationship in the presence of galanin was plotted initially using standard ACSF (3 mM potassium) solution for 10 DMNV neurons. The reversal potential was -105 mV (at the point the outward current shifted to an inward current). This reversal potential was close to the potassium-ion value calculated from the Nernst equation (Figure 7 ).
We studied the galanin response in 11 neurons before and after application of the potassium-channel blocker TEA. The inhibitory response of the DMNV neurons to galanin was either blocked or attenuated after changing the normal ACSF perfusion solution to ACSF containing TEA (3-10 mM, 3-10 min). The effect of TEA was reversible (Figure 8 ). The duration and shape of the action potentials were slightly widened following TEA application.
Discussion
Data from the retrograde tract-tracing and immunohistochemistry experiments revealed that 1) the mNST contained numerous galanin-positive neurons, 2) both the DMNV and the NST had dense galanin-positive terminals, 3) DMNV neurons that projected to the stomach were in close proximity to galanin-positive terminals suggesting a synaptic structure, and 4) the galaninpositive terminals in the DMNV and the NST originated from neurons in the NST, not from other galanin-containing regions known to project to the DVC (the PVN, the LH, the CNA or the
The in vivo experiments demonstrated that galanin inhibited the majority of DMNV neurons projecting to the gastrointestinal tract. Both inhibitory and excitatory effects of galanin on gut-related NST neurons were observed.
The in vitro experiments confirm our in vivo finding that galanin inhibited the firing rate of the majority of stomach-projecting DMNV neurons. This reversible dose-dependent effect was due to membrane hyperpolarization and increased outward current. Galanin acted directly on DMNV neurons as evidenced by the persistent effect after synaptic input was blocked. The reversal potential induced by galanin was close to the potassium ion potential from the Nernst equation, suggesting that the inhibitory effect of galanin is mediated by the potassium channel.
This potassium channel was TEA sensitive.
Retrograde tract-tracing and immunohistochemistry
We used Alexa-Fluor-555-conjugated cholera toxin B subunit and immunohistochemistry to identify a) the galanin terminals on DMNV neurons that project to the stomach and b) the source of galaninergic fibers in the DVC. Alexa-Fluor-555-conjugated cholera toxin B subunit was used because the cholera toxin B subunit strongly induces active, receptor-mediated uptake mechanisms (49; 50) and remains visible after prolonged incubation in thick brain slices (200 µm). The prolonged incubation used in this study (6) (7) 
Effect of galanin on gut-related DVC neurons in vivo
Our in vivo data demonstrated that galanin inhibited the firing rate of the majority of gutrelated DMNV neurons. We suggest that this inhibitory effect of galan in is due to direct effect on DMNV neurons (see the in vitro results below).
We noted that the duration of the galanin effect varied greatly in both our in vivo and in vitro experiments (duration of effect ranged from 30 seconds to 15 minutes). The distance between the recorded neuron and the infusion pipette in vivo was not constant. It is possible that difference in the concentration of galanin at the receptors is one explanation for this finding.
However, since a similar variation was noted in vitro where the diffusion distance was constant, Our data do not permit us to comment regarding the relative frequency of each subset. Further work will be needed to clarify the influence of galanin on NST neurons.
We did not test the effect of gastrointestinal distention after injection of galanin. Since the predominant effects of galanin and gastrointestinal distention are inhibition of firing rate of DMNV neurons, we could not produce meaningful data after the basal activity was completely abolished by galanin.
Galanin inhibited the stomach-projecting DMNV neurons in vitro
We used DiI to retrogradely label DMNV neurons that projected to the stomach. DiI was In addition to potassium ions, it has been shown that calcium ions are also involved in the mechanism of galanin's effect on myenteric neurons (38) , parasympathetic neurons (35), pituitary cells (28), and hippocampal neurons (33). It is unlikely, however, that calcium ion plays a significant role in galanin's effect on DMNV neurons, since low-calcium ACSF had little influence on the hyperpolarization induced by galanin.
The resting membrane potential was -59.30 ± 1.96 mV similar to that reported by Sah (40) .
The hyperpolarization effect of galanin was similar to but stronger than that seen on LC and Although galanin inhibited most DMNV neurons by a postsynaptic mechanism, presynaptic effects of galanin cannot be ruled out. Investigators have shown that galanin acts via several subtypes of presynaptic receptors to depress synaptic transmission in the rat arcuate nucleus (23) and to inhibit dopamine (22) and histamine releases (4). We observed that several DMNV neurons were slightly excited by low concentrations of galanin. Whether this is direct or indirect effect is unclear. A galanin effect on NST neurons could result in an excitation of DMNV neurons, since NST has a tonic inhibitory influence on DMNV neurons.
In the in vitro recording, the spontaneously active DMNV neurons fired at a regular frequency, consistent with our in vivo observation. However, the mean spontaneous activity in the brain slice was significantly higher than that seen in vivo. This higher basal activity might reflect an excitation caused by the interruption of inhibitory input from NST neurons or from higher brain centers such as the PVN. We have previously reported that NST neurons are excited by input from vagal primary afferents. NST neurons inhibit the gut-related DMNV neurons (20; 44). In the brain slice experiments, there is no vagal afferent input to excite NST neurons. A decreased activity of NST neurons could remove the tonic inhibitory effects on DMNV neurons.
Alternatively, the higher mean spontaneous firing rate of DMNV neurons in vitro may be due to an elimination of the inhibitory input from the PVN. It has been shown that lesions of the PVN increased insulin secretion (43) , indicating a higher vagal activity. Finally, it is possible that use of anesthesia was responsible for the lower firing rate in vivo. Sodium pentobarbital used in vivo has a GABAergic agonist effect on neurons that may contribute to the lower basal firing rate.
We do not know the subtype of galanin receptor(s) responsible for the effect of galanin.
Three subtypes of galanin receptors (GalR1, GalR2 and GalR3) have been identified in the central nervous system and may participate in the effects of galanin (14; 17) . Both GalR1 (18) and GalR2 (11) have been found in the DVC. Injection of M40 (which has a high affinity for 
Physiological implications
We demonstrated that galanin inhibited the majority of the gut-related DMNV neurons both in vivo and in vitro. Galanin has been involved in regulation of feeding and gastric motility 
